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THE INDUCTION OF LATERAL ROOTS BY INDOLEACETIC ACID AND ROOT DECAPITATION1
John G. Torrey THE ANATOMY of lateral root formation has been known for a considerable time from the classic histological work of van Tieghem and Duliot (1888) which showed the endogenous origin of laterals within the primary root axis. Yet relatively little is known even now concerning the physiological processes involved.
That artificially applied auxin stimulates lateral root formation in many plants was early recognized. Bouillenne and Went (1933) attributed increased root branching in the roots of Acalypha cuttings to the applied hormone not utilized in the initiation of the adventitious roots induced on the stem itself. Zimmerman and Hitchcock (1935) reported that lateral root formation on aerial roots of Cissus was induced by-applied artificial auxin or by root decapitation. They postulated the formation of a factor by the primary root tip which prevented lateral branching but which became inoperative when the tip was interfered with or no longer actively growing.
The fact that auxin is definitely one factor controlling root branching was shown by Thimann (1936) in experiments treating the roots of Avena and Pisum seedlings with indoleacetic acid. He also found that removal of 1 mm. root tips from these seedlings resulted in increased lateral root formation in both species. In Avena, which has large amounts of natural auxin, Thimann reported that the principal influence on root branching is exerted by the tip. Thus it was indicated in these experiments that auxin is not the only factor controlling lateral root formation. In his study of auxin production in isolated pea roots grown in nutrient solution, van Overbeek (1939) found that 10 mm. root decapitation after 2 weeks' subculture resulted in a marked increase in lateral root formation on the basal portion of such roots.
Delarge (1941) reported that, although indoleacetic acid caused branching in initially excised root tips of Zea and Triticum grown in sterile culture, subsequent retreatment with the auxin caused no further lateral root formation. Delarge suggested that there was a depletion of some factor necessary for lateral root formation. Recently, Nutman (1948) has proposed that root meristems, both those of the root and those of effective root nodules, produce a substance which is inhibitory to the initiation of lateral root primordia.
With a view to further elucidating the physiological process of lateral root formation and the 1 Received for publication May 31, 1949. The writer is indebted to Dr. Kenneth V. Thimann for his interest and helpful criticism during the course of this study. part played by auxin in it, experiments using sterile cultures of pea root tips were carried out. It is the purpose of this paper to report on the effect of indoleacetic acid treatment and decapitation on lateral root formation in isolated pea roots grown in nutrient culture.
METHODS.-Methods essentially as described by Bonner and Devirian (1939) for the sterile culture of pea roots were used. Seeds of the garden pea, Pisum sativum, variety Alaska, were sterilized in mercuric chloride solution, 0.1 per cent, washed several times with sterile distilled water, and allowed to germinate in the dark at 20?C. At the end of 48 hr., 3-4 mm. root tips were excised aseptically and transferred to culture dishes. thiamin; 0.5 mg. nicotinic acid; and 40 g. sucrose. The salts were added to the final solution from stock solutions made up at ten times the final concentration. Indoleacetic acid (IAA), when used, was added from a sterile stock solution of 100 mg. per liter after the nutrient solution had been autoclaved. Water distilled in a block tin still and redistilled in pyrex glass was utilized throughout in preparing the culture medium. When using the agar medium, powdered Bacto-agar was added to the medium mixture to give a final agar concentration of 0.5 per cent. The final medium was steam autoclaved at 15 lb. pressure for 25 min.
All glassware was cleaned in dichromate cleaning solution, passed through successive thorough rinses in tap water, detergent solution (Calgolac), tap water, distilled water, and was finally air dried. Petri dishes were sterilized using dry oven heat at 1750C. for 2 hr. Two root tips were grown per Petri dish, using 20 cc. of solution per dish. Cultures were maintained in the dark at an average temperature of 250C. Weekly measurements of root length were made with a millimeter rule to an accuracy of 1 mm. In order to study the effect of the duration of IAA treatment on lateral root initiation, initial root tips were placed on nutrient agar medium containing 1 mg. JAA per liter for varying periods, and then were transferred intact to control medium. The results summarized in table 1 indicate that the treatment with IAA for 3 days gives maximum effect, and the number of laterals is not increased by longer IAA treatment. Prolonged culture of excised root tips.-When cultured under optimum conditions for prolonged periods of time in nutrient solutions, isolated pea roots will form lateral roots without the addition of IAA to the medium. It seemed of interest to consider the conditions under which this occurred. Initial and first transfer root tips were grown on control medium, transferring the entire root intact at the end of each week to fresh nutrient medium. The results of a typical series are shown in table 2. It is apparent that, on continued culture, initial and first transfer tips ultimately do produce lateral roots, a phenomenon wlich is associated in some way with the elongation of the primary root. The lateral roots thus formed without artificial stimulation appear in the apical third of the growing root and are readily distinguished from the basallylocated laterals which form behind the apex of the short initial tip when it is treated with IAA.
In an attempt to establish the relationship between elongation of the primary root and the formation of lateral roots, several series of roots were In further experiments on the root-forming capabilities of excised root tips, it was found that 10 mm. first transfer tips excised from initial tips grown on control medium for 2 weeks, formed lateral roots when placed on IAA medium. The first transfer tips excised from intact initial tips which had first been treated with IAA 1 week and then continued a second week on control medium, showed no lateral root formation on IAA medium. These results are represented in fig. 2 excised from elongating roots about to form or already forming lateral roots in the apical region, was there lateral root formation when the excised tip was placed on IAA medium. It is evident that such first transfer tips exhibit a recovery of lateral root-forming capacity which is correlated with the elongation of the root itself. This evidence, together with the facts described concerning lateral root formation in unstimulated roots grown for long periods, suggests that the factor necessary for root branching ultimately may be produced within the growing root'itself.
The effect of root decapitation.-Preliminary experiments indicated that 10 mm.'decapitation of initial pea roots which'had been growing 1 week on control medium resulted in the formation of lateral roots in the apical portion of the remaining root bases. Intact control roots formed no lateral roots during the same period. In table 4 are recorded the results of such a decapitation experiment. In this experiment, one half of the roots were washed following decapitation to remove substances released at the cut surface. In the light of the evidence of Thimann (1936) and of the experiments reported above concerning the action of IAA when applied to isolated pea roots, it is a noteworthy fact that removal of the tips from these roots produces the same apparent results as does treatment with auxin, namely, inhibition of root growth, and a marked increase of lateral root formation. The former effect is to be expected since in pea roots grown in culture, excision of the apical 10 mm. removes the apical meristem and the region of the elongating cells, leaving only mature differentiated tissue. In reference to the latter effect, it would seem not unlikely that these two different stimuli produce the same result, lateral root formation, through some common effect on the growing root.
Two possible explanations of the decapitation effect suggest themselves: (1) that the apical meristem of the root produces a substance which inhibits lateral root, formation, or (2) that there is an, accumulation of a specific substance in the cut root stump which is necessary to lateral root formation. The release of a wound substance at the excision which stimulates lateral root formation is probably not the basis of the decapitation effect. This is evident from the results of the washing experiments (table 4) and from the fact that laterals were never formed at the basal end of the excised root. It has been shown that first transfer tips, i.e., 10 mm. tips excised from initial roots at the end of 1 week's growth in culture, have lost temporarily the capacity to form lateral roots under the stimulation of applied IAA. It was of interest, therefore, to test the first possible explanation by studying the effect of decapitation on lateral root formation in these first transfer root tips.
After initial root tips had been grown for 1 week in culture, the apical 10 mm. tips were transferred as first transfer tips to control medium. In one case, 10 mm. decapitation was made at the end of 1 week, and then observations made on the "1st From the evidence presented above, it seems safe to conclude that some substance other than auxin is necessary for lateral root formation in pea roots. The substance present in the initial tip apparently comes from the germinating seed, but is exhausted or lacking in the first transfer tip. Root decapitation may cause an accumulation of this substance at the cut end, and lateral root formation in this area results. In the first transfer tip there is no such accumulation and decapitation only acts to stop root elongation.
Further experiments were made using the initial tip, which is known to be capable of forming lateral roots under the stimulus of decapitation. Initial tips were grown on control medium for 1 week. fig. 4 . In the first place, it should be noted that the total number of laterals in each series is of the same order. It should be noted also that all laterals were formed at the most apical end of the segment in every case. No laterals appeared at the basal ends of the sections. In the first series (A), the apical sections produced considerably fewer laterals than the basal sections. In the cases where excision was made 1 and 2 days after the initial decapitation, the basal sections produced fewer laterals, while the short apical sections showed a successive increase in number of laterals formed. This experiment and others like it strongly suggest the movement from the root base of a substance which accumulates at the most apical region of the section. Similar studies show that the movement of the substance toward the apical cut is complete in 3 days after decapitation. Experiments in which a wedge-shaped cut was made half-way across the diameter of the root indicate that a partial blockage of the moVing substance can be accomplished. A given isolated root thus appears to be capable of producing a limited number of laterals in culture, dependent upon the amount of substance present in the root.
Experiments designed to study the effect on lateral root formation of successive IAA treatment and decapitation were made. A series of initial tips was cultivated on control medium for a period of 2 weeks, then the apical 10 mm. tips were removed and observations were made for 10 days. A parallel series of initial tips was grown on IAA medium for 1 week, and then the tips were transferred intact to control medium for a week. At the end of this period, the apical 10 mm. tips were excised, and the bases continued in situ for a further week. As a test for the presence of lateral root forming capacity, the excised tips in each series were placed on IAA medium for 1 week, and then transferred intact to control medium to observe lateral root formation. The results of these experiments are recorded in fig. 5 . 
